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Abstract Wild-type trypanosomal triosephosphate isomerase 
(wtTIM) is a very tight dimer. The interface residue His-47 of 
wtTlM has been mutated into an asparagine. Ultracentrifagation 
data show that this variant (H47N) only dimerises at protein 
concentrations above 3 mg/ml. H47N has been characterised at 
a protein concentration where it is predominantly a monomer. 
Circular dichroism measurements in the near-UV and far-UV 
show that this monomer is a compactly folded protein with sec- 
ondary structure similar as in wtTIM. The thermal stability of 
the monomeric H47N is decreased compared to wtTIM: temper- 
ature gradient gel electrophoresis (TGGE) measurements give 
Tm-values of 41°C for wtTIM, whereas the Tm-value for the 
monomeric form of H47N is approximately 7°C lower. 
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1. Introduction 
Oligomerisation is an important property of many polypep- 
tides [1,2]. Some polypeptide chains which form oligomers dis- 
play their function only as a monomer, for example insulin [3] 
and the catalytic subunit of cAMP dependent kinase [4]. In 
these examples the oligomerisation provides a storage form 
(insulin) or is used as a mechanism for regulation (the cAMP 
dependent kinase). Classical oligomers, such as most glycolytic 
enzymes are highly stable. They require the oligomeric state for 
their catalytic function; the monomeric forms, as well as their 
folding and assembly pathways, have yet to be characterised [5]. 
Our studies focus on the monomer/dimer p operties of the 
dimeric glycolytic enzyme triosephosphate isomerase (TIM) 
from Trypanosoma brueei brucei. This enyzyme catalyzes the 
interconversion of dihydroxyacetone phosphate (DHAP) and 
D-glyceraldehyde-3-phosphate (GAP) [6]. 
The TIM dimer is an extremely tight dimer; for example, a
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constant specific activity has been measured in the concentra- 
tion range from 1 to 2000 ng/ml [7]. The Kd of the wild-type 
protein has been estimated to be below 10 -~1 M [8]. It has been 
shown that the folding pathway of the TIM-dimer can be de- 
scribed by a consecutive first-order folding and second-order 
association reaction scheme assuming inactive monomers [7]. 
Under standard conditions the reaction is exceedingly fast so 
that the properties of the wild-type nyzme in its monomeric 
state have been inaccessible to a detailed analysis. The TIM 
subunit has the (fl/~)8 fold with a central core of eight parallel 
fl-strands (strand-1 to strand-8) covered on the outside by eight 
cz-helices (helix-1 to helix-8). The C-terminal end of each strand 
is connected to the subsequent helix by a loop, denoted by the 
number of the preceding fl-strand. These loops are the major 
constituents of the active site. Loop-1 to loop-4 are additionally 
involved in the formation of the interface between the two 
subunits. Loop-3 is a long loop which protrudes 13 A out of 
the bulk of the monomer and docks into a narrow pocket close 
to the active site of the other subunit. This loop is very impor- 
tant for the stability of the dimer since 80% of the intersubunit 
atom atom contacts involve atoms of loop-3 [8]. The narrow 
pocket is shaped by loop-1 and loop-4. Because of these inter- 
digitating loops at the dimer interface, it is not a priori obvious 
that the individual wild-type subunits will have a compactly 
folded structure by themselves. Previously, we have shown that 
the 15 residues of loop-3 of trypanosomal TIM (wtTIM) can 
be replaced by an eight residue loop, in such a way that a stable, 
monomeric protein (monoTIM) is obtained [8]. The crystal 
structure of monoTIM has been reported [9]. Here we report 
on the characterisation f another interface variant of wtTIM: 
H47N. In this variant an interface residue of loop-2, His-47, is 
mutated into an asparagine. In wtTIM the side chain of His-47 
is involved in a water mediated hydrogen bond to Asp-85, 
which is located in helix-3 of the other subunit. This water 
molecule is fixed in a cavity completely buried at the dimer 
interface. His-47 is not close to any of the two active sites in 
the wtTIM dimer. The shortest distance of any atom of His-47 
to the center of any of the two active sites is 16 A. The center 
of the active site is defined as the position of a conserved water 
molecule, hydrogen bonded to the active site residues Asn-11 
and His-95 [10]. Some properties of H47N have been described 
earlier [11]. 
H47N has been expressed in E. coli, purified, and enzymati- 
cally and biophysically characterized. Here it is shown by ul- 
tracentrifugal studies that H47N displays a monomer/dimer 
equilibrium being monomeric at low protein concentrations 
and dimeric at higher protein concentrations. The characterisa- 
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tion of the monomeric form of H47N shows that this monomer 
is a compactly folded protein with secondary and tertiary struc- 
ture similar to wtTIM. The catalytic activity as well as the 
thermal stability of this monomeric form are much decreased 
compared to the wild-type enzyme. These investigations show 
that suitable interface point mutations of TIM, despite their 
decreased stability, can be used to study the properties of such 
monomeric variants of TIM. 
2. Materials and methods 
The expression and purification of wtTIM and H47N have been 
described previously [11]. The expression was carried out in E. coli 
strain BL21(DE3) [12] transformed with a plasmid containing the TIM 
gene. The purification was carried out at 4°C with all buffers supple- 
mented with 5 mM of DTT, and 1 mM of both EDTA, and NAN3. 
Triosephosphate isomerase activity was followed as the change of 
absorbance at 340 nm in a coupled enzyme assay as previously de- 
scribed [13]. One activity unit represents he conversion of one micro- 
mole substrate per minute at 25°C. For the Km determinations the assay 
was initiated by adding TIM to the reaction mixture containing various 
amounts of substrate, i.e. 0.01-3.5 mM D-glyceraldehyde-3-phosphate 
or 0.2-0.6 mM dihydroxyacetone phosphate. The K~ of the substrate 
analogue 2-phosphoglycollate, 2PG, was obtained by analysing the 
effect of 2PG on the initial velocity of the conversion of D-glyceralde- 
hyde-3-phosphate  2PG concentrations between 0.0065 and 0.1 mM. 
Sedimentation a alysis was performed in a Beckman Spinco Model 
E analytical ultracentrifuge equipped with a UV scanning system. Dou- 
ble sector cells with saphire windows were used in AnF-Ti and AnG 
rotors. Sedimentation coefficients were determined from sedimentation 
velocity runs at 40,00(~68,000 rpm, plotting log r versus time and 
correcting to 20°C and water viscosity. High-speed sedimentation 
equilibria ccording to Yphantis [14] were evaluated from In c versus 
r 2 plots. The partial specific volume was calculated form the amino acid 
composition. Prior to the experiments, protein samples were equili- 
brated against a 50 mM sodiumphosphate buffer, pH 7.0, with 50 mM 
NaC1. 
Circular dichroism (CD) measurements were carried out on a Jobin 
Yvon circular dichrometer model VI. All measurements were carried 
out in thermostated cuvettes at 20°C with a 1 cm path length for the 
near-UV region and an 0.02 cm pathlength for the far-UV region. The 
near-UV and far-UV spectra re normalised with respect o decimole 
of monomers and decimole of peptide bonds, respectively. Protein 
samples were equilibrated against a 50 mM sodiumphosphate buffer, 
pH. 7.0, supplemented with 20 mM NaCI. 
3. Results 
Based on enzyme activity measurements, we have earlier 
reported indirect evidence suggesting that H47N displays a 
monomer/dimer quilibrium being mostly monomeric at low 
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Fig. I. Concentration dependence ofs20,w of H47N from sedimentation 
velocity experiments at40,000 and 68,000 rpm. 
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Table 1 
K~ and K~ values of wtTIM and H47N measured at 25°C 
Enzyme Km (raM) Km (mM) K~ (mM) 
GAP DHAP 2PG 
wtTIM 0.25 _+ 0.05 a 1.2 + 0.12 0.027 a
H47N 0.33 + 0.04 b 1.28 + 0.07 b 0.018 
aAs reported previously [13]. 
bAs reported previously [11]. 
protein concentrations and dimeric at high protein concentra- 
tions [11]. This hypothesis arose from the observation that the 
catalytic activity depends trongly on the protein concentration 
of H47N. At high protein concentrations the specific activity 
of H47N can be as high as 2300 units/mg, which is close to the 
specific activity of wtTIM, whereas at low protein concentra- 
tions it can be as low as 3 units/rag, suggesting that the H47N 
dimer is as active as wtTIM, but the H47N monomer is virtually 
inactive, compared to wild-type. The Km-values for wild-type 
and H47N for both substrates are compared in Table 1. The 
Km value for the isomerisation of GAP to DHAP by H47N has 
been determined at varying enzyme concentrations, but no ef- 
fect of concentration is observed. In Table 1 are also compared 
the Ki-values for 2-PG. The close similarity of the Km and Ki 
values of wtTIM and H47N, as well as the observation that the 
specific activity at high concentrations of H47N is close to 
wild-type, is in agreement with the assumption that the meas- 
ured catalytic activity of H47N is due to the presence of active 
dimeric H47N. 
Sedimentation coefficients, s20,w, from analytical ultracentri- 
fugation experiments carried out with H47N at protein concen- 
trations between 0.1 and 18 mg/ml are shown in Fig. 1. At 
protein concentrations below 1 mg/ml, a sedimentation coeffi- 
cient s20,w- 2.5S was obtained which correlates well with standard 
globular proteins with a molecular mass of approximately 
25 + 5 kDa [14]. At elevated concentrations a plateau value of 
s20,w --- 3.50 + 0.04S is observed, independent of  temperature 
(2-22°C). Taken together with the diffusion coefficient 
D20,w = 5.7 + 0.5 x 10 .7 cm2-s -1, obtained from synthetic 
boundary experiments at 2°C and 20°C, and the calculated 
partial specific volume (0.735 cm 3' g-l), the Svedberg equation 
yields a molecular mass Ms.D = 54.0 + 4.6 kDa. This result is 
in good agreement with a dimeric quaternary structure of 
H47N at high protein concentration; at the same time, it is close 
to the value 55.6 + 3.6 kDa observed for wtTIM. High speed 
equilibrium experiments at concentrations ranging from ap- 
proximately 0.02-2 mg/ml yield a linear relationship between 
In c (measured as absorbance at 280 nm and 235 nm) and r 2. 
From the slope a weight-average molecular mass of 28.7 kDa 
is calculated, in good agreement with a monomeric species. 
As indicated by the foregoing results, H47N is monomeric 
at concentrations below 1 mg/ml. Thus one has to assume that 
during some stages of the purification most of the protein will 
be in the monomeric form, indicating that the H47N monomer 
must be a stable folded protein. To investigate this question 
further, the far-UV circular dichroism spectra were recorded 
for H47N and wtTIM at protein concentrations below 1 mg/ml, 
with the result that H47N is found to have a far-UV CD- 
spectrum that is closely similar to the one observed for wtTIM 
(Fig. 2A). From this finding we may conclude that most of the 
secondary structure lements found in wtTIM are conserved in 
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the mutant protein at a concentration where H47N is in its 
monomeric state. 
The well-defined signal of the near-UV CD spectrum of mon- 
omeric H47N (Fig. 2B) shows that monomeric H47N has a 
compact ertiary structure. However, the comparison of the 
near-UV spectra ofmonomeric H47N and wtTIM clearly indi- 
cates that some aromatic residues must be in a different envi- 
ronment in the monomeric protein. The crystal structure of 
wtTIM shows that this could concern in particular Trp-12 in 
loop-1 and Tyr-101 and Tyr-102 in loop-4. 
The thermal stability of wtTIM and H47N was compared by 
making use of the method of temperature gradient gel electro- 
phoresis (TGGE) (Fig. 3A) as described previously for mono- 
TIM [8]. Since the protein concentration f the sample is ap- 
proximately 1 mg/ml, the majority of the variant protein is 
dissociated into monomer. The monomeric form of H47N has 
a reduced thermal stability compared to the wild-type protein, 
in agreement with results obtained, for example for lactate 
dehydrogenase where a gradual decrease in stability was found 
in going from the natural tetramer to the 'proteolytic dimer' 
and finally to the monomer [16]. The TGGE experiment was 
repeated in the presence of 1 mM 2PG (Fig. 3B). The protein 
was equilibrated against the running buffer supplemented with 
1 mM 2PG prior to the run. Under these conditions the T m- 
values are increased by approximately 8°C, showing that the 
H47N monomer is stabilised by the substrate analogue, and 
indicating that the overall architecture of the triosephosphate 
isomerase active site is conserved in the monomeric state of 
H47N. 
4. Discussion 
In this study, the biophysical properties of an interface point- 
mutation variant of trypansomal TIM have been investigated. 
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Fig. 2. Dichroic absorbtion spectra of wtTIM and H47N. (A) Far-UV CD spectra of wtTIM (e) and H47N (El). The samples were diluted to an 
Az80 = 0.40, which corresponds toapproximately 0.3 mg/ml to obtain a good comparison ofthe spectra. (B) Near-UV CD spectra of wtTIM (*) and 
H47N (D). The samples were diluted to an A2,0 = 0.80 (0.6 mg/ml) for optimal comparison. 
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Fig. 3. Temperature gradient gel electrophoresis (TOOE, [8]) of wtTIM 
and H47N. The protein samples (approximately 1 mg/ml) were equili- 
brated against he running buffer (100 mM Bis-Tris/acetate, pH 7.0) 
and loaded across the gel: wtTIM (top) and H47N (below). The temper- 
ature gradient, as indicated below the gel, is formed perpendicular to 
the electric field. At high temperatures the proteins are denatured and 
aggregated and at low temperatures the protein migrates as the folded 
dimer (wtTIM) or monomer (H47N). The transition temperature (Tin) 
is a measure of the thermal stability. (A) In the absence of 2PG. The 
Tm-values are: wtTIM 41°C; and H47N 34°C. (B) In the presence of 
1 mM 2PG. The Tin-values are: wtTIM 47°C; and H47N 43°C. 
The H47N mutation disrupts an extensive buried hydrogen 
bonding network across the dimer interface, as has been dis- 
cussed previously [11]. 
H47N is a monomer below 1 mg/ml and a dimer above 10 
mg/ml (Fig. 1). Therefore the concentration at which 50% of 
the dimer is dissociated into monomer must be between 1 and 
10 mg/ml. It is difficult to determine this point accurately from 
the available data. Taking the midpoint value of Fig. l, which 
is s20,w = 3S at 3.6 mg/ml H47N, as a reference point at which 
50% of the protein mixture is dimer, then the approximate value 
for Ka of the H47N-dimer is of the order of 5 x 10 -5 M. Com- 
pared to wtTIM, with an estimated Ka below 10 -~1 M, at least 
a 5 x 10+6-fold estabilization of the dimer is the result of this 
relatively modest alteration in the dimer interface. 
The CD data (Fig. 2) and the TGGE-experiments (Fig. 3) 
strongly support the conclusion that the monomeric form of 
H47N is a stable, compactly folded protein with a partially 
intact active site architecture. Evidence for the occurrence of 
folded monomeric forms of yeast TIM has also been presented 
[17]; in this case an interface asparagine was changed into an 
aspartate. The observed binding of 2PG to monomeric H47N 
is not necessarily in contrast o its reduced catalytic activity; it 
is known that even a small relocation of catalytic residues in 
the TIM active site can cause a dramatic decrease in catalytic 
activity. For example the mutation E 165D in yeast TIM (equiv- 
alent to E167D in wtTIM) reduces kca t for the substrate GAP 
2000-fold, whereas the K~ for the inhibitor phosphoglycolohy- 
droxamate is decreased by a factor 3 [18], but only minor 
structural differences could be detected [19]. 
In wtTIM, extensive interactions are observed between the 
two subunits resulting in very tight dimers with a very low K d. 
Since oligomerisation commonly leads to increased stability 
[16], it is not surprising that the monomeric form of H47N 
exhibits lower thermal stability than wtTIM. It is interesting to 
note that the thermal stability of this monomeric form 
(T m = 34°C) is also reduced when compared with monoTIM, 
which has a Tm value of 38°C, as measured also with the TGGE 
technique [8]. Apparently the solvent exposed loop-3, which is 
present in monomeric H47N but not in monoTIM, destabilises 
the monomeric form of TIM. 
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